Abstract While it is known that relatively rapid changes in functional representation may occur in the human sensorimotor cortex in short-term motor-learning studies, there have been few studies of changes in organisation of the corticomotor system associated with the long-term acquisition of motor skills. In the present study, we have used transcranial magnetic stimulation (TMS) to investigate the corticomotor projection to the hand in a group of elite racquet players, who have developed and maintained a high level of skill over a period of many years, and have compared the findings with those in a group of social players and a group of non-playing control subjects. Increased motor-evoked-potential (MEP) amplitudes and shifts in the cortical motor maps for the playing hand were found in all of the elite players and cortical motor thresholds were reduced in some players, whereas in the social players all parameters were within the normal range. The findings in the elite players are interpreted as being indications of a process of functional reorganisation with the motor cortex or corticomotor pathway that are associated with the acquisition and retention of complex motor skills.
Introduction
The potential for reorganisation of functional representation in the sensorimotor cortex is well recognised and is supported by a number of experimental studies (see reviews by Kaas 1991; Donoghue 1995) . Corticomotor reorganisation may occur as a response to altered sensory inputs to the cortex, as an adaptation to injury of the central or peripheral nervous system, or as a consequence of the motor task performed, and may be either short-term and reversible or more long-lasting.
Evidence for the effects of motor training and skill acquisition on the functional representation of the hand has come from studies on the monkey (Plautz et al. 1995; Nudo et al. 1996) and in the human (Pascaul-Leone et al. 1994 , 1995 Elbert et al. 1995; Karni et al. 1995) . Shortterm plasticity of the human motor representation associated with practice of a four-finger tapping exercise over a period of days to weeks has been demonstrated with functional magnetic resonance imaging (fMRI) (Karni et al. 1995) and transcranial magnetic stimulation (TMS) mapping (Pascual-Leone et al. 1994 , 1995 . Changes in the fMRI signal were found to last for up to 4-6 weeks, whereas expansion of TMS maps persisted only until the performance of the task had plateaued. Functional imaging studies using positron emission tomography (PET) have shown an increase in regional cerebral blood flow (rCBF) to the motor cortex, anterior frontal and inferior parietal cortex, and rostral supplementary motor area with short-to medium-term motor practice (Lang et al. 1988; Grafton et al. 1992 Grafton et al. , 1994 Grafton et al. , 1995 Schlaug et al. 1994 ).
There have been few studies of changes in the human sensorimotor representation as a result of long-term skill acquisition and motor reinforcement over a period of years. Modification of the sensory representation has been shown for the fingering digits of violin players, but not for the digits of the bow hand, indicating that a longlasting change in the sensory cortex has occurred in response to the repetitive performance of a complex and highly skilled motor task (Elbert et al. 1995) . However, no study has been undertaken of the motor representation in subjects with highly developed motor skills. In the present study, we have used TMS to investigate the corticomotor representation of a hand muscle in a group of highly skilled, elite racquet players and have compared the findings with those in a group of social players and a group of non-playing control subjects.
Materials and methods
Studies were performed on five elite badminton athletes (four male, one female; 22-28 years of age). All participated in regular international standard competition and, apart from one, play right handed. Details of the athletes' playing history and weekly training activities were obtained by questionnaire and are summarised in Table 1 . All athletes had suspended their training programme for 2 weeks prior to testing. Five social-level subjects (three male, two female; 22-50 years of age), who play regularly (up to three times per week), but who did not specifically train their skills, and ten normal right-handed subjects (five male, five female; 23-40 years of age), who did not participate in any form of racquet sport, served as controls. All subjects gave written informed consent, and the study had the approval of the human rights committee of the University of Western Australia.
The wrist extensors and flexors are known not to be significantly involved in badminton strokes (Gowitzke 1979; Gowitzke and Waddell 1979) . On the other hand, skilled badminton strokes (such as fine net shots) require racquet maneuvers involving muscles of the hand. Electromyographic (EMG) activity was recorded from surface electrodes placed over the motor point and the insertion of the first dorsal interosseous (FDI) muscle of both hands. EMG signals were amplified (1000×) and digitised for 500 ms following each stimulus. M-waves were recorded in response to supramaximal electrical stimulation of the ulna nerve at the wrist.
Transcranial magnetic stimulation (TMS) was delivered using a Magstim 200 stimulator (Whitland, Dyfed, UK) with a 5 cm diameter, figure-of-eight coil, which was held tangential to the skull in an antero-posterior orientation. A snugly fitting cap, with premarked sites at 1 cm spacing was placed over the subject's head and positioned with reference to the nasion-inion (NIL) and interaural lines (IAL). Stimuli were delivered during a controlled, lowlevel voluntary contraction of the FDI muscle at 10±3% of maximum rmsEMG (Wilson et al. 1993) .
Sites near the estimated centre of the hand area (4-7 cm lateral to the vertex) were first explored to determine the site at which the largest motor-evoked potential (MEP) could be obtained. This site was defined as the first site. At this site, input/output curves were measured by delivering groups of four stimuli at stimulus intensities (5% steps) from a level below the subject's motor threshold until the MEP amplitude saturated. Threshold was defined as the intensity at which a MEP could be obtained with at least two of the four stimuli. In all subsequent studies, stimulus intensity was set at 20% of stimulator output above threshold for each hemisphere.
For mapping, four stimuli were delivered at the first site and, then, at increasingly anterior and then posterior sites (2 cm steps) until a MEP could no longer be elicited. This pattern was repeated for lateral and then medial sites (1 cm steps) until all map borders had been determined. Stimuli were a minimum of 5 s apart, and subjects rested briefly between stimulation at each site.
MEP amplitude (peak-to-peak), latency (from stimulus to onset of MEP) and silent-period (SP) duration (from MEP onset to return of uninterrupted EMG activity) were measured off-line for the four stimuli at the first site. A complete map of MEP amplitude (or SP duration) versus scalp position was generated by interpolating these values between stimulus sites. The centre of the maps was determined from the position of the peak value. This position was expressed in millimetres from the vertex and from the IAL. For a detailed description of the cortical mapping protocol, see Wilson et al. (1993) .
Corticomotor and mapping parameters from subjects in the elite and social groups were compared with normal range at a significance level of P<0.05 [t(9 df)=2.26, two-tailed t-test]. Data is expressed as mean ± standard deviation.
Results

Control subjects
The difference in cortical motor threshold between the dominant and non-dominant sides was less than or equal to 5% for all control subjects. MEP latency for the dominant and non-dominant sides was 21.3±2.2 ms and 21.4±2.1 ms, respectively. There was no significant inter-side difference in MEP amplitude between the dominant and non-dominant sides (6.0±4.9 mV and 5.8±3.4 mV, respectively). On the dominant side, the MEP maps were located 51-57 mm (mean: 54 mm) from the vertex and from 13 mm anterior to 15 mm posterior to the IAL (mean. 1.5 mm anterior; see Table 3 ). On the non-dominant side, the maps were 54-60 mm (mean: 57 mm) from the vertex and between 14 mm anterior and 10 mm posterior to the IAL (mean: 2 mm anterior; see Table 3) The interside difference in the distance of the map centres from the vertex was less than 3 mm and, in the distance from the IAL, was less than 7 mm (see Fig. 2 ). In all cases, the SP maps displayed a close relationship in centre position to the MEP map (<3 mm difference), encompassing and surrounding the associated MEP map on both the dominant and non-dominant sides. SP duration was similar on both sides (dominant side 175±35 ms vs. non-dominant side 182±42 ms). Social players
Interhemispheric differences in corticomotor threshold, MEP latency, MEP amplitude, and SP duration were within normal range for all social players. MEP maps were located 57-63 mm (playing side) and 55-63 mm (non-playing side) from the vertex and from 7 mm anterior to 1 mm posterior (playing side) and 14 mm anterior to 1 mm anterior (non-playing side) to the IAL. There was no significant interside difference in the centre of the maps on the playing and non-playing sides (see Fig. 2 ), and SP map centres were within 3 mm of MEP-map centre.
Elite athletes MEP latency was comparable on both sides in the athlete group (mean 21.2 ms for the non-playing side, 20.6 ms for the playing side). The interside difference in the corticomotor threshold was normal in three of the five subjects (subjects 1, 2 and 5), while, in the remaining two subjects, the threshold was 10% lower on the playing side than on the non-playing side. MEP amplitude was higher on the playing side for all subjects (mean playing amplitude 10.5 mV vs. mean non-playing amplitude 5.7 mV; Fig. 1 ). This difference being outside normal range in two subjects (1 and 5; Fig. 1 ). M-wave amplitude was similar on both sides for all subjects (mean playing M-wave amplitude 22 mV vs. non-playing Mwave amplitude 20.8 mV; Table 2 ). SP duration was similar on each side (168±31 ms vs. 162±38 ms; Table 2 ).
The centre of the maps on the athletes' non-playing side ranged from 45 mm to 58 mm (mean 54 mm) from the vertex and from 13 mm anterior to 3 mm posterior to the IAL (mean: 6 mm anterior; Table 3 ). Map centre on the athlete's playing side ranged from 39 mm to 59 mm (mean 52 mm) lateral to the vertex and from 17 mm anterior to 5 mm posterior to the IAL (mean 5 mm anterior; Table 3 ). Maps on the athletes playing side were displaced 5, 7 and 16 mm medially in three subjects (2, 3 and 5), and 6 mm to 12 mm laterally in two subjects (1 and 4) with respect to the maps on the non-playing side (Figs. 2 and 3 ). There were no significant differences in the antero-posterior position of the maps on the two sides. SP maps had a normal relationship to the MEP map. There was no correlation between MEP parameters, SP parameters or degree of map shift and the amount of time spent training per week or the overall time the athlete had been playing badminton.
Discussion
This study has investigated the excitability and topography of the motor cortical representation of the FDI muscle in a group of elite racquet players who have constantly reinforced and refined acquired motor skills of the hand over many years. The major findings of the study were an increase in corticomotor excitability of the playing hand and changes in the topography of the cortical motor map for the playing hand, which were not seen in a group of social players. These alterations point to the occurrence of long-term functional changes in the motor cortex or corticomotor pathway, which may be associated with the acquisition and retention of complex motor skills.
The decrease in cortical motor threshold and/or increase in MEP amplitude found in four of the five athletes suggest changes in the excitability of the corticomotor projection to the playing hand. Corticomotor threshold and MEP amplitude are two related, but independent measures of corticomotor excitability. A change in corticomotor threshold may arise from a shift in the balance between inhibitory and excitatory inputs to cortical or spinal motoneurones. A change in MEP amplitude in the absence of a change in corticomotor threshold could arise from an increase in the number of descending volleys generated by the cortical stimulus or from an increase in the number of cells activated. Overall, these changes suggest that, in the athlete group, there has been a change in the level of cortical and/or spinal excitabili- Fig. 3 Illustrative corticomotor maps on both sides for a control subject (A) and subjects 3 and 4 from the athlete group (B and C, respectively). The center of the maps is indicated by a white cross (+) and the circular dotted line represents 62 mm from the vertex. Note interhemispheric symmetry in the map position for the control subject (A). For the two athletes, the black arrow head indicates the expected symmetrical position of the map on the playing side (left hemisphere) with respect to the non-playing side (right hemisphere). For subject 3 (B), there was a medial shift in the playing side compared with the non-playing side and, in subject 4 (C), a lateral shift in the playing side compared with the non-playing side. NI line Nasion-inion line, IA line inter-aural line Fig. 2 Interside difference in map position in the mediolateral and anteroposterior axis for all subjects in all groups. Social players and control subjects had a high degree of interhemispheric symmetry in the mediolateral axis (0-3 mm interside difference). Athlete maps had a similar anteroposterior dispersion to the other groups, but a significantly larger mediolateral difference. IAL Inter-aural line ty. Mechanisms that have been suggested to explain such a change include the establishment of new connections and/or alterations in the effectiveness of previously existing connections (Kaas 1991; Pascual-Leone et al. 1993 ). Long-term potentiation, known to occur in the hippocampus, has also been suggested to occur in the motor cortex with the learning and retention of motor skills (Woody 1986; Iriki et al. 1989 ).
All of the athlete maps demonstrated some degree of interhemispheric asymmetry in map location, with a lateral displacement on the playing side relative to the non-playing side in two subjects and a medial displacement in the remaining subjects, suggesting that there has been a functional reorganisation in the corticomotor projection on the playing side in the athlete group. These spatial shifts in the centre of the maps differ from changes in map area, which can be a consequence of changes in the excitability of the corticomotor projection (Ridding and Rothwell 1995) . Spatial reorganisation may be a consequence of a change in the pattern of sensory inputs to motor cortex or a reflection of task-related changes in functional organisation at the cortical or spinal level. Reorganisation in primary sensory cortex has been demonstrated on the playing side of highly trained musicians (Elbert et al. 1995) , and it has been suggested that enhanced afferent input from increased use of a body part can produce reorganisation in the motor cortex (Kaas 1991) , perhaps as a result of corticocortical connections in sensori-motor cortex or as a consequence of changes that occur in subcortical structures with projections to sensory and motor cortex (Wall and Egger 1971; Wall 1976; Devor and Wall 1981; Donoghue 1995) . Changes in primary motor cortex may also be a result of repetitious motor training of complex skills from an early age and for long periods of time. Although no correlation was found between the degree of map shift and the age at onset or duration of formal training, the presence of map shifts in all of the athletes suggests that there has been modulation of the corticospinal projection as a result of reinforced motor training. In addition to cortical changes, it is also possible for task-related reorganisation of synaptic connections on spinal motoneurones to contribute to changes in the topography of the corticomotor projection. The range in the magnitude and direction of the map shifts may be due to individual changes in the excitability of subsets of corticomotor neurones within the dispersed cortical representation of the target muscle. Single-neurone recordings in the monkey have shown that the corticomotor projection to individual hand muscles utilise a population of neurones dispersed throughout the motor cortex, rather than a somatotopically segregated population, and that the pattern of central activation seems to be movement and task related (Schieber and Hibbard 1993) . Finally, changes in the excitability of subsets of spinal motorneurones may lead to the appearance of map shifts if there is a difference in the distribution of pyramidal neuones projecting to those subsets of spinal motoneurones with raised excitability.
Badminton requires highly trained motor skills for power and precision, which need to be developed and reinforced over years of repetitive practice. Elite badminton athletes spend many hours per week practicing to maintain and improve their racquet skills. During practice or performance, the index finger and thumb are continuously engaged in manoeuvring the racquet precisely, shifting between forehand, backhand, power and precision grips as well as engaging in frequent small shifts of position and pressure during play. While the FDI muscle participates in the power and precision grips during play, reorganisation of the corticomotor projection to this muscle was found during a simple low-level isometric contraction, suggesting that long-term skilled motor practice has consequences for the functional organisation of the corticomotor projection, which are not necessarily task-specific.
The finding that there were no differences between social players and control subjects suggests that reorganisation in the athletes may be influenced by structured, effective motor skill reinforcement. These results concur with the studies of Grafton et al. (1992) and Plautz et al. (1995) , who demonstrated cortical changes associated with motor skill, but not with elementary motor use. Plautz et al. (1995) demonstrated reorganisation in the representation of digit and wrist muscles in the monkey following structured motor training compared with simple motor use. Similarly, Grafton et al. (1992) , using PET, demonstrated anatomical differences between motor learning and general motor execution. Although skillful in their own right, social players do not undertake skilled practice sessions at the level of the athlete group, further supporting the importance of repetitive motor training.
In conclusion, the present findings have shown changes in the excitability and reorganisation in the representation of the corticomotor projection to the hand in a group of elite athletes. The absence of any such changes in a group of social players suggests that long-term reinforcement and constructive practice of skilled motor tasks can lead to functional plasticity of the corticomotor projection.
